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Abstract
A highly granular digital electromagnetic calorimeter has been built usingMAPS/MIMOSA23 with 30 micron pixel
size to prove the feasibility of the proposed Forward electromagnetic Calorimeter (FoCal) as a possible upgrade of the
ALICE apparatus. The physics motivations of such a project are presented together with the calorimeter performance
in several test beam campaigns. We show the energy resolution, longitudinal and lateral proﬁle and compare the
experimental values with the simulations in the energy range from 2 to 200 GeV.
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1. Introduction
The Forward Calorimeter (FoCal) discussed in this
article, is a proposed upgrade project for the ALICE
LHC experiment. Such a detector would allow to ex-
tend the study of the properties of hot and dense partonic
matter and to add the study of cold dense partonic mat-
ter. The main focus would be on the investigation of the
Parton Distribution Function (PDF) in a new regime at
very small Bjorken-x and low Q2 where eﬀects of gluon
saturation can be present. This is a unique measurement
and so far none of the other existing experiments could
have access to the same range of Bjorken-x and low Q2.
In this article we’ll introduce the physics motivations
of the proposed forward calorimeter, we’ll continue pro-
viding the description of the a detector prototype, illus-
trating the preliminary results on the performance of the
prototype tested with particles beam in a broad energy
range: from 2 to 200 GeV.
2. Physics Motivations
The ALICE experiment at CERN LHC has an rich
upgrade program [1], which has been endorsed by the
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LHCC. It includes upgrades of the rate capabilities
and of its central tracking system for high-precision
measurements of lead-lead collisions. Internally a
calorimeter at forward rapidities (FoCal) has been dis-
cussed. This detector would measure photons, elec-
trons/positrons and jets for rapidities η > 3. The main
motivation of such a detector would be the investigation
of the structure of the nucleons and nuclei at very low
Bjorken-x and low Q2, possible eﬀects of gluon satu-
ration [2]. Prompt photons are the cleanest signal for
such initial-state modiﬁcations. The largest background
is generated by π0 decay photons, therefore the discrim-
ination of decay photons and direct photons imposes
stringent hardware requirements like a highly granular
detector, feasible only with digital signals.
Detailed simulation studies of a possible calorimeter
conﬁguration have been performed to optimise the dis-
crimination between the prompt photons and the pho-
tons coming from the π0 decay, see Figure 1.
To enhance the γ/π0 discrimination, besides the high
granularity of the silicon sensors, analysis cuts are im-
posed to distinguish the prompt photons from the pho-
tons coming from the π0 decay. They are based:
• on the absence of energy close to the photon (iso-
lation cut),
• on the shower shape to check that there is no merg-
ing of two close showers,
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• on direct decay rejection based on the reconstruc-
tion of the invariant mass of the π0.
The straw-man detector, sketched in Figure 2, is a
silicon-tungsten calorimeter with tungsten plates of 3.5
mm thick (≈1 X0) and with two diﬀerent sensor tech-
nologies as active part. It consists of 4 segments of low
granularity silicon sensors and 2 layers of high granular-
ity silicon sensors coupled with a tungsten plate, which
are interleaved between the three segments.
A segment is made of 4 or 5 layers, which con-
sists of tungsten plates and silicon sensor pads of 1
cm2. The pads are summed longitudinally in segments
and equipped with analog readout, while the high-
granularity layers are based on CMOS Monolithic Ac-
tive Pixel Sensor (MAPS) of 30 μm pitch with inter-
nal binary readout. On-chip processing will convert the
pixel count in a macro-pixel of 1 mm2 to a pseudo-
analog value.
As proof of concept, a full high-granularity, MAPS-
based prototype, has been built and tested at DESY, at
CERN PS and SPS beam test facilities in 2012 and in
2014. During 2013 data has been taken using a cosmic
ray setup in a laboratory of the SubAtomic Physics De-
partment of Utrecht University.
3. Detector Description
The MAPS-based prototype (Figure 3) consists of
twenty-four layers of tungsten and silicon sensors for a
thickness of 4 mm per layer including the readout board
of 1 mm. The active area of a layer (Figure 4) measures
4 × 4 cm2 and it is composed of four sensors glued in
pairs on the absorber plate that measures 5 × 5 cm2. The
dead-zone between the sensors is 0.1 mm. The sensor
pairs are facing each other with an overlap of approxi-
mately 3 pixels in one spatial direction.
The Molie`re radius calculated from the design is 11
mm, which guarantees a full shower containment in the
detector.
The ﬁrst layer acts as tracker plane since the absorber
material in front is only 0.02 X0. The absorber material
of the layer before the last is 20 mm thick which corre-
sponds to 6.7 X0 giving a total of 28 X0 for the whole
detector.
The PHASE2/MIMOSA23 from IPHC [3] is the
MAPS-type used in the detector. The chosen MAPS
version was driven by its availability on the market at
that time. It features 640 × 640 pixels with 30 μm pitch
and has a continuous read-out through four channels at
160 MHz for total read-out time of a 640 μs. The result-
ing low event rate is not an issue for a test experiment.
Figure 1: Simulation of the detection eﬃciency for the straw-man
detector design. To reject photons coming from the π0 analysis cuts
as isolation of the and the π0 decay rejection.
Figure 2: Schematic of the detector used for the simulations stud-
ies. The detector would consist of four segments and every segment
consist of four silicon pad sensors interleaved to the tungsten plates.
Between the ﬁrst and second segment and the second and the third
one tungsten plate coupled to a highly granular silicon sensor is in-
serted.
The same technology is investigated for the Inner
Tracking System (ITS) upgrade and the new MAPS
generation shows a much better performance including
faster readout. In the detector there are sensors with dif-
ferent epilayer thicknesses and resistivity: 15 and 20 μm
with resistivity of 400 Ωcm and 14 μm with 10 Ωcm re-
sistivity.
As each full detector read-out - a so-called frame -
contains 39 M pixels, the raw data rate of the prototype
is 61 Gb/s. Several FPGAs are used to manage this, as
described in [4]. Incoming trigger bits are time-stamped
with the read-out clock and stored separately.
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Figure 3: The electromagnetic MAPS prototype measures 4 × 4 ×
12 cm3, hence it is a compact detector. In the picture the prototype
is located in the centre and on the sides there are the printed circuit
boards with the ﬂat cables for the chip operation. At the time of this
picture the cooling was not implemented yet.
Figure 4: Picture of half module. On the tungsten plate Two chips
side by side are glued on the tungsten plate.
Great care was taken in the assembly to place the sen-
sors with high precision. This already resulted in mis-
alignments smaller than 150 μm, as can be seen from the
measured residuals (open histogram) in Figure 5. Ad-
ditional alignment of the sensors in software was per-
Facility Particle Beam Energy Year
(GeV)
DESY Electron 2, 5 2012
PS/SPS Mixed beam 2 ÷ 8 2012
(e−, π) 30 ÷ 200
Laboratory cosmic rays 2013
DESY Electron 2÷ 5 2014
PS/SPS Mixed beam 2, 10 2014
(e−, π) 30 to 200+
Table 1: Overview of the data taking including the beam test cam-
paigns in 2012 and 2014.
formed oﬄine, as the alignment precision is crucial for
precise determination of the lateral proﬁle. Figure 5
shows as blue ﬁtted histogram also the distribution of
residuals after this alignment.
The accuracy of the sensors’ position after the align-
ment is far below 30 μm, which is the pixel pitch.
Figure 5: The ﬁgure reports the position distribution of the sensors be-
fore the alignment (black curve) and after the alignment (blue curve).
4. Results and Discussion
Several test beam campaigns have been performed
with the prototype. In table 1 we summarise data taking
periods including the beam test campaigns and cosmic
ray measurements. In 2012 the sensors settings were not
fully optimised therefore in 2014 a new beam test cam-
paign has been performed. New sensor settings have
been obtained from the sensors response to the cosmic
rays in 2013. The sensor noise level is kept at 10−5,
which corresponds to 4 pixels ﬁring per frame. The new
sensor settings have an improved response uniformity.
Preliminary results on linearity, energy resolution,
Molie`re radius and longitudinal proﬁle are reported be-
low. Special emphasis will be laid on the lateral proﬁles,
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which show the true potential of such a high-granularity
calorimeter.
4.1. Linearity and Energy Resolution
In our detector the charge created by a particle, due
to diﬀusion, leads to a cluster of pixel hits. The size of
the cluster depends on the charge created by the particle
(Landau distribution) and on the threshold of the dis-
criminators. For tracker applications the discriminator
thresholds are adjusted according to an acceptable fake
rate measured as clusters not belonging to a track. In
a calorimeter, especially in the shower core, it is not
known a priori if the clusters of the particles will be
well-separated. Hence the number of hit pixels could
be used as a measure of the particles’ energy instead
of trying to derive the number of the particles from the
hits distribution. In Figure 6 the mean of the hit dis-
tribution is reported as function of the particle energy
with a MIP calibration. This preliminary calibration at-
tempts to correct for diﬀerent sensitivity of sensors by
using the response to pion track measured during the
SPS beam test at CERN in 2012.
Using the aforementioned calibration the calculated
energy resolution is: 8.3%, 6.5% and 5.7% for 30, 50
and 100 GeV respectively, see Figure 7. These values
are a factor two worse than the expected values from the
simulation with the GEANT3. Further studies includ-
ing improvements of both the description in the simula-
tion and the calibration of the experimental data are in
progress.
4.2. Longitudinal Proﬁle
Figure 8 shows the lateral proﬁle averaged over 2000
electromagnetic showers for two energies: 2 GeV, in
red, and 5.4 GeV, in blue, as a function of the number
of layers. The expected longitudinal proﬁle is a Gamma
function distribution where the shower maximum varies
according to logE where E is the shower energy. The
diﬀerent shower maximum position for the two diﬀer-
ent energies is visible despite the instrumental eﬀects
that aﬀect the longitudinal proﬁle with strong ﬂuctua-
tions.
These eﬀects are due to missing channels or dead sen-
sors. Figure 9 shows all hits for 2000 events occurring in
layer 5 and it is a good illustration of missing channels
in the sensors. Since the missing channels (the white re-
gions) are quite central on the layer, the missing entries
aﬀect substantially the statistics and they cause corre-
sponding minima in Figure 8. Unfortunately there is a
signiﬁcant number of sensors, which have such prob-
lems.
Figure 6: .The linear response of the detector as function of the data
energy particle is shown.
Figure 7: Energy resolution calculated for data calibrated with MIP
particles. The three peaks corresponds to 30, 50 and 100 GeV data
with energy resolution of 8.3%, 6.5% and 5.7% respectively.
4.3. Lateral proﬁle and PID
The lateral proﬁle provides a direct insight in the
physics regulating the shower development. The high
granularity of the MAPS allows an unprecedented close
look, at the level of hundreds of micron, to the shower
development and this is the true potential of such a high
granularity calorimeter.
The lateral proﬁle dN2πrdr has been obtained as the av-
erage over a few hundred showers of aligned sensors.
Figure 10 shows the lateral proﬁle for 5.4 GeV electron
data. On the x axis the distance from the shower axis is
reported in mm, while in the y axis the hit density per
cm2 is shown. The displayed layers are those that don’t
have missing channels or dead sensors to facilitate the
interpretation of the results. Layer 0 has no absorber in
front of the sensor, acting as tracker layer and the max-
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Figure 8: Longitudinal proﬁles averaged over thousands showers as
function of the numbers of the layers. The red curve refers to 2 GeV
data while the blue curve to the 5.4 GeV.
Figure 9: The accumulated events of layer 5.
imum of the shower occurs at layer 4. The distributions
of layer 9 and layer 14 decrease at large r to an asymp-
totic value of 1 hit cm−2, which is the noise level.
The lateral proﬁle is a powerful tool to discriminate
electromagnetic from hadronic showers. Figure 11 is an
event display and it shows a hadronic shower. Figure 12
is the lateral proﬁle calculated from it. If we compare
the lateral proﬁles of Figure 10 with that one of Fig-
ure 11, one can observe that the strong peak for small
r absent for the latter. Further studies are under way to
quantify the particle ID capabilities due to the shower
shape.
Figure 10: Lateral proﬁle averaged over hundreds of events.
4.4. Molie`re radius
The deﬁnition of the Molie`re radius is a radius of a
cylinder that contains 90% of the shower hits.
Figure 13 shows the measurement, RM , of 11 ± 1
mm, conﬁrming the value estimated on the basis of the
construction.
5. Conclusions and Perspectives
The ALICE experiment has a rich physics program to
accomplish for the future physics runs at the LHC. To
fully exploit /to cope with the new machine conditions
a subdetector upgrade program has been submitted and
later endorsed by the LHCC. Internally a calorimeter at
forward rapidities has been discussed.
The main focus of such a detector would be the mea-
surement of direct photons at very low Bjorken-x and
low Q2 for proton-proton collision and then for lead-
lead collision where a suppression in photon production
is expected to provide hints of gluon saturation as pre-
dicted in the CGC model.
As proof of concept, a highly granular electromag-
netic calorimeter has been built. The sensors used for
this prototype are MAPS that provide digital output and
in this article we illustrated the preliminary results.
With a digital calorimeter it is not possible to measure
directly the deposited energy, but counting the number
of hit pixels provides an indirect measurement of the
deposited energy and we veriﬁed a linear increase of the
number of hits accordingly to the energy increase.
The energy resolution doesn’t fulﬁll our expectations
for a digital calorimeter, but for the straw-man detector
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Figure 11: Event display of a single hadronic shower at 200 GeV
integrated over the full depth of the detector.
Figure 12: Lateral proﬁle of the hadronic shower shown in Fig-
ure 11. If compared with Figure 10, the hits density distribution
is clearly diﬀerent.
would be suﬃcient to guarantee the γ/π0 discrimination
even at high energies. Studies of the discrepancy be-
tween simulations and data are work in progress.
Longitudinal proﬁles are aﬀected by instrumental ef-
fects, but the information on the shower development is
still available. The Molie`re radius has been measured to
be 11 ± 1 mm and it matches the value on basis of the
construction.
Figure 13: The Molie`re radius measurement. The 90% of the hits
occurring in the detector are contained in a cylinder of radius, RM , 11
± 1 mm.
The lateral proﬁle is the true potential of such a proto-
type because the shower development can be observed
with a detail of few hundreds of microns and it was
never done before. Moreover it is a powerful tool for
discriminating electromagnetic from hadronic showers
and the detailed information on the shower distributions
might help to improve the description of showers in sim-
ulation programs.
6. Acknowledgment
The test beam performed at DESY in 2014 has re-
ceived funding from the European Commission under
the FP7 Research Infrastructures project AIDA, grant
agreement no.262025.
References
[1] ALICE collaboration. Letter of Intent for the upgrade of the AL-
ICE Experiment. CERN-LHCC-2012-012, 2012.
[2] A.H. Razaiean. Phys. Lett. 8 718:1058, 2013.
[3] A. Brogna et al., Manual PHASE1, IPHC Strasbourg.
[4] D. Fehlker et al., 2013 JINST 8 P03015.
E. Rocco / Nuclear and Particle Physics Proceedings 273–275 (2016) 1090–1095 1095
